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Distinct groups of dopaminergic neurons develop at deﬁned anatomical sites in the brain to modulate
function of a large diversity of local and far-ranging circuits. However, the molecular identity as judged
from transcription factor expression has not been determined for all dopaminergic groups. Here, we
analyze regional expression of transcription factors in the larval zebraﬁsh brain to determine
co-expression with the Tyrosine hydroxylase marker in dopaminergic neurons. We deﬁne sets of
transcription factors that clearly identify each dopaminergic group. These data conﬁrm postulated
relations to dopaminergic groups deﬁned for mammalian systems. We focus our functional analysis on
prethalamic dopaminergic neurons, which co-express the transcription factors Arx and Isl1. Morpho-
lino-based knockdown reveals that both Arx and Isl1 are strictly required for prethalamic dopaminergic
neuron development and appear to act in parallel. We further show that Arx contributes to patterning
in the prethalamic region, while Isl1 is required for differentiation of prethalamic dopaminergic
neurons.
& 2012 Elsevier Inc. All rights reserved.Introduction
Dopaminergic (DA) neurons modulate circuits controlling a
wide array of behaviors as well as important aspects of physiol-
ogy (Bjorklund and Dunnett, 2007; Iversen and Iversen, 2007).
Most research focuses on the development of DA neurons of the
ventral midbrain in mammals, because the degeneration of
substantia nigra neurons causes Parkinson’s disease (Ang, 2006;
Smidt and Burbach, 2007). However, DA neurons develop in
mammals, like in other vertebrates, in several distinct clusters
at speciﬁc anatomical locations in mes-, di- and telencephalon
(Smeets et al., 2000; Bjorklund and Dunnett, 2007). While signal-
ing and transcription factors regulating dopaminergic neurons of
substantia nigra and ventral tegmental area have been intensively
studied (Prakash and Wurst, 2006), much less is known about the
developmental control of other DA groups in the forebrain.
In mammalian fore- and midbrain, a total of 10 major populations
of DA neurons develop in the olfactory bulb (group A16), in the
inner nuclear layer of the retina (A17), in the diencephalon (A11-
15), and in the mesencephalon (A8-A10) (Ho¨kfelt et al., 1984). The
diencephalic DA groups are distributed in nuclei of the dorsalll rights reserved.
W. Driever).thalamus (A11), tuberal hypothalamus (A12), prethalamic zona
incerta (A13), and preoptic area/rostral hypothalamus (A14, A15).
More detailed studies will be required to identify not only
anatomical features but also molecular characteristics of these
DA groups. Several modes of DA transcriptional speciﬁcation may
be envisioned. First, complex regional transcriptional codes,
different for each DA group, may independently converge towards
the speciﬁcation of the DA neurotransmitter phenotype, for
example, through multiple independent enhancers in DA differ-
entiation genes. Alternatively, DA group-speciﬁc sets of distinct
members of deﬁned families of transcription factors may con-
verge on regulatory elements. Evolutionary conservation of some
factors specifying DA neurons from Caenorhabidtis elegans to
human (Flames and Hobert, 2009) has nurtured the quest to
identify regulatory code elements common to DA or, more
generally, monoaminergic differentiation (Flames and Hobert,
2011). Further studies of DA development in different brain
regions and throughout vertebrate evolution are needed to
uncover common mechanisms, which may also help to discover
group speciﬁc features controlling individual projection behaviors
and physiological traits.
Some DA groups are evolutionary conserved, e.g. those in the
olfactory bulb and the amacrine cells in the retina are present in
zebraﬁsh and mouse. Other prominent systems have undergone
anatomically signiﬁcant changes in the course of evolution, e.g.
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zebraﬁsh, or the zebraﬁsh pretectal system, which is not formed
in the mature mouse brain. The zebraﬁsh has emerged as a widely
used teleost model to study catecholaminergic and speciﬁcally DA
systems organization and development, because it is highly
amenable to genetic, experimental embryological and pharmaco-
logical analysis (Rink and Wullimann, 2002; Panula et al., 2010;
Schweitzer et al., 2011; Yamamoto and Vernier, 2011). Using
marker proteins for the detection of catecholaminergic (Tyrosine
hydroxylase TH - two paralogous genes, th and th2), dopaminergic
(Dopamine transporter dat/slc6a3), and noradrenergic neurons
(Dopamine beta hydroxylase dbh), all catecholaminergic groups
have been mapped anatomically from embryonic through larval
to adult stages (Holzschuh et al., 2001; Candy and Collet, 2005;
Chen et al., 2009; Filippi et al., 2010; Yamamoto et al., 2010).
Furthermore, projection patterns of all these dopaminergic groups
have been characterized in larval zebraﬁsh (Tay et al., 2011).
Zebraﬁsh DA groups corresponding to most mammalian groups
can be identiﬁed: a cluster of groups termed DC2, 4, 5, 6 in the
ventral diencephalic posterior tubercular and hypothalamic areas,
all of which depend on the Otp transcription factor activity
(corresponding to A11; (Ryu et al., 2007); a prethalamic group
(termed DC0/1—potentially corresponding to A13); medial (DC3)
and caudal (DC7) hypothalamic groups (corresponding to A14 and
A12); preoptic DA neurons (A15); an olfactory bulb (A16) and
amacrine retinal group. In addition, zebraﬁsh have a pretectal DA
group, which has no corresponding structure in adult mammals,
but a pretectal DA group has been reported in human embry-
ogenesis (Puelles and Verney, 1998). Finally, zebraﬁsh have an
endogenous subpallial dopamine system, which may correlate
with a small number of DA neurons reported in the primate
striatum (Betarbet et al., 1997). While zebraﬁsh lack a direct
anatomical counterpart of mammalian A8–A10 groups and have
no DA neurons in the mesencephalon, it has been discussed
whether the teleostean diencephalic ascending system (Rink
and Wullimann, 2001), or the endosubpallial system (Tay et al.,
2011), may substitute some of the mesostriatal circuit function.
At the molecular level, a potential conservation of pathways
involved in speciﬁcation and differentiation of mammalian DA
neurons has been investigated in zebraﬁsh by analyses of expression
and function of transcription factors previously shown to be essential
for speciﬁc DA groups in mammals. With respect to Nurr1/Nr4a2,
Pitx3 and Lmx1b, which are crucial in mammalian mesdiencephalic
development (Smidt and Burbach, 2007), none of these transcription
factors appeared to be expressed by zebraﬁsh ventral diencephalic DA
neurons establishing ascending projections (Filippi et al., 2007).
Furthermore, morpholino knockdown analyses failed to reveal a
function for Nr4a2, Pitx3 and Lmx1b in the development of zebraﬁsh
neurons with ascending projections (DC2,4–5 groups; Filippi et al.,
2007; but see Blin et al., 2008; Luo et al., 2008). However, Nr4a2 is
co-expressed in and required for differentiation of preoptic, pretectal,
and amacrine DA neurons in zebraﬁsh (Filippi et al., 2007). Other
studies revealed that DC2,4–6 groups depend on the expression of the
transcription factor Orthopedia (Otp) in regard to their speciﬁcation
and/or differentiation (Del Giacco et al., 2006; Ryu et al., 2007). The
analysis of Otp mutant mouse embryos revealed that A11 group DA
neurons do not differentiate in the absence of Otp function (Ryu
et al., 2007), suggesting that zebraﬁsh DC2,4–6 DA groups are
homologous to the mammalian A11 group. This idea is also
supported by the similar projection behaviors of Otp-dependent/
A11 DA neurons in zebraﬁsh and mouse, which in both species
integrate ascending telencephalic and descending diencephalospinal
projections (Bjorklund and Skagerberg, 1979; Takada et al., 1988;
Takada, 1993; Tay et al., 2011).
Thus, while an anatomical framework has been established
and some conserved molecular mechanisms have been identiﬁedthat link teleostean and mammalian DA group speciﬁcation, we
are far away from knowing DA group speciﬁc transcriptional
codes. The comparison of zebraﬁsh and mammalian systems
would enable identiﬁcation of core transcriptional regulators,
and help to elucidate the regulatory logic. It may be possible that
different members of the same core classes or families of factors
accommodate analogous functions in the distant brain regions in
which DA neurons develop, or completely distinct codes may
converge on regulation of transmitter, electrical and projection
phenotypes. Even in the second case, evolutionary comparison
should help to identify core mechanisms for each DA group.
In this study, we used previous knowledge from mammalian
systems, as well as gene expression data from public databases, to
identify transcription factors co-expressed in each of the DA
groups of the early larval zebraﬁsh brain. As result, we present
molecular identity proﬁles for each DA group, which support
evolutionary relations of these groups to mammalian systems.
We then focus our attention on the prethalamic group of DA
neurons, which has not been previously studied in zebraﬁsh.
Using knockdown antisense technology, we demonstrate that the
transcription factors Arx and Isl1, which are co-expressed in
mature prethalamic DA neurons, are also required for differentia-
tion of the DA phenotype.Materials and methods
Zebraﬁsh maintenance
Zebraﬁsh were kept and bred according to standard procedures
(http://zﬁn.org). Fertilized eggs were raised at 28.5 1C in medium
containing 0.2 mM phenylthiourea in order to inhibit pigmentation.
Embryos were staged according to (Kimmel et al., 1995).Whole mount in situ hybridization and immunoﬂuorescence
For whole mount in situ hybridization (WISH) expression
analysis, digoxigenin-labeled antisense riboprobes were gener-
ated for each gene (Table 1). To characterize the phenotype of the
morphant embryos, the following additional neuronal markers
were used: ascl1a (Allende and Weinberg, 1994), dat/slc6a3
(Holzschuh et al., 2001), ddc (probe based on RefSeqNM_213342.1
nucleotides 1063–2377), elavl3/HuC (Good, 1995), gad1/gad67 and
gad2/gad65 (Martin et al., 1998), vglut2a/slc17a6b and vglut2b/
slc17a6a (Higashijima et al., 2004). Standard colorimetric in situ
hybridization was performed (Hauptmann and Gerster, 1994).
Fluorescent in situ hybridization (FISH) was carried out as
described (Filippi et al., 2007).
After completion of the whole mount FISH, embryos were
equilibrated in PBTD (Phosphate buffered saline; 0.1% Tween20;
1% DMSO) for 10 min, and blocked for at least 1 h in blocking
solution (PBTD; 10% goat serum; 1% protease-free Bovine Serum
Albumin) at room temperature. They were then incubated in fresh
blocking solution containing a rabbit polyclonal anti-TH primary
antibody (1:500 dilution; Ryu et al., (2007)), overnight at 4 1C.
This antibody has been shown to bind speciﬁcally to TH (TH1) and
not to the paralogous TH2 (Filippi et al., 2010). The following day,
the embryos were extensively washed with PBTD containing 1%
goat serum, and subsequently incubated in blocking solution
containing a goat anti-rabbit Alexa555-conjugated secondary
antibody (1:1000 dilution; Molecular Probes), overnight at 4 1C.
After washing out the secondary antibody with several changes of
PBTD, the embryos were equilibrated in 80% glycerol, and
mounted for imaging.
Table 1
Transcription factors analyzed for expression in speciﬁc groups of CA neurons.
Transcription factors REF. Expression in CA neurons
arx Aristaless related homeobox [1] Yes
ascl1b/zash1b Achaete-scute complex-like 1b [2] No
atoh1a Atonal homolog 1a [3] No
atoh1b Atonal homolog 1b [4] No
barhl2 BarH-like 2 [5] No
dbx1a developing brain homeobox 1a [6] No
dlx2a Distal-less homeobox gene 2a [7] Yes
dlx5a/dlx4 Distal-less homeobox gene 5a [7] Yes
emx2 Empty spiracles homeobox 2 [8] Yes
etv1/er81 Ets variant gene 1 [9] Yes
etv5a Ets variant gene 51 [9] No
foxA1 Forkhead box A1 [10] No
foxA2 Forkhead box A2 [11] No
foxb1.2 Forkhead box B1.2 [12] No
gata3 GATA-binding protein 3 [13] Yes
gsx1/gsh1 GS homeobox 1 [14] No
hmx3/nkx5.1 Homeo box (H6 family) 3 [15] Yes
isl1 islet1 [16] Yes
lhx1a/lim1 LIM homeobox 1a [17] Yes
lhx1b/lim6 LIM homeobox 1b [18] Yes
lhx2b LIM homeobox 2b [19] No
lhx5/lim5 LIM homeobox 5 [20] Yes
lmx1b.1 LIM homeobox transcription factor 1, beta 1 [21] Yes
lmx1b.2 LIM homeobox transcription factor 1, beta 2 [21] No
meis2a/meis2.2 Myeloid ecotropic viral integration site 2a [22] Yes
meis2b/meis2.1 Myeloid ecotropic viral integration site 2b [23] No
nkx2.1a/titf1a NK2 homeobox 1a [24] Yes
nkx2.1b/titf1b NK2 homeobox 1b [25] Yes
nkx2.2a NK2 transcription factor related 2a [26] Yes
nr4a2a Nuclear receptor subfamily 4, group A, member 2a [27] Yes
nr4a2b Nuclear receptor subfamily 4, group A, member 2b [28] Yes
olig2 Oligodendrocyte lineage transcription factor 2 [29] No
otpa Orthopedia homolog a [30] Yes
otpb Orthopedia homolog b [30] Yes
otx1b Orthodenticle homolog 1b [31,32] Yes
otx2 Orthodenticle homolog 2 [31,32] Yes
pax6a Paired box gene 6a [33] Yes
pbx1a Pre-B-cell leukemia transcription factor 1a [34] Yes
pitx3 Paired-like homeodomain transcription factor 3 [35,36] No
pou12/pou3f3 POU domain gene 12 [37] Yes
pou47/pou3f2 POU domain gene 47 [37] Yes
pou50/pou3f1 POU domain gene 50 [38] Yes
prox1a Prospero-related homeobox gene 1a [39] Yes
six3a Sine oculis homeobox homolog 3a [40] Yes
sox2 SRY-box containing gene 2 [41] Yes
tbr1b T-box brain 1b [42] No
tfap2a Transcription factor AP-2 alpha [43] Yes
zic1 zic family member 1 (odd-paired homolog, Drosophila) [44] Yes
zic2a Zic family member 2 (odd-paired homolog, Drosophila), a [45] Yes
References: [1] (Miura et al., 1997); [2] (Allende and Weinberg, 1994); [3] (Kim et al., 1997); [4] (Adolf et al., 2004); [5] (Colombo et al., 2006); [6] (Fjose et al., 1994); [7]
(Akimenko et al., 1994); [8] (Morita et al., 1995); [9] (Roussigne´ and Blader, 2006); [10] (Roussigne´ and Blader, 2006); [11] (Stra¨hle et al., 1993); [12] (Odenthal and
Nu¨sslein-Volhard, 1998); [13] (Neave et al., 1995); [14] (Cheesman and Eisen, 2004); [15] (Adamska et al., 2000); [16] (Korzh et al., 1993); [17] (Toyama et al., 1995b); [18]
(Toyama and Dawid, 1997); [19] (Ando et al., 2005); [20] (Toyama et al., 1995a); [21] (O’Hara et al., 2005); [22] (Waskiewicz et al., 2001); [23] (Zerucha and Prince, 2001);
[24] (Rohr and Concha, 2000); [25] (Shanmugalingam et al., 2000); [26] (Barth and Wilson, 1995); [27] (Filippi et al., 2007); [28] (Escriva et al., 1997); [29] (Park et al.,
2002); [30] (Del Giacco et al., 2006); [31,32] (Li et al., 1994; Mori et al., 1994); [33] (Krauss et al., 1991); [34] (Palti et al., 2007); [35,36] (Dutta, 2005; Shi et al., 2005); [37]
(Sampath and Stuart, 1996); [38] (Hauptmann and Gerster, 1996); [39] (Glasgow and Tomarev, 1998); [40] (Seo et al., 1998); [41](Okuda et al., 2006); [42] (Yonei-Tamura
et al., 1999); [43] (Holzschuh et al., 2003); [44] (Grinblat et al., 1998); [45] (Grinblat and Sive, 2001).
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Transmitted light images were acquired using a Zeiss Axioskop
compound microscope with DIC optics and a Zeiss AxioCam MRc
digital camera. Fluorescently labeled embryos were documented
by confocal image stacks using a Zeiss LSM 510 or a Zeiss LSM
5 DUO laser scanning confocal microscope. Images shown are
either single planes, or z-projections of deﬁned sets of consecutive
focal planes assembled with the Zeiss LSM software. The projec-
tions were exported as TIFF image format ﬁles and subsequently
assembled into ﬁgures and processed with the Adobe Photoshop
CS2 software.Morpholino injections
We used two different morpholino antisense oligos to knock-
down arx function. The splice blocking arxE2I2-MO (50–TAC-
TATGCGTCATATTTACCTGGTG–30) targets the second exon-
intron boundary. The translation blocking arxATG-MO (50–
ATCGTCGTCGTACTGACTGCTCATG–30) targets the 50-end of arx
mRNA, at bp 1 to þ24 (BC163872). To knockdown isl1
function we used the splice blocking morpholino isl1E2-
MO (50–TTAATCTGCGTTACCTGATGTAGTC–30) (Hutchinson and
Eisen, 2006). All morpholinos were synthesized by Gene Tools
(Corvallis, USA).
Fig. 1. Expression of transcription factors characterizing DA neurons in the telencephalon. For orientation, a lateral (A, 43 mm projection) and a dorsal (B, 30 mm projection)
overview of a 96 hpf zebraﬁsh brain immunostained for TH are shown. The telencephalic DA groups are framed by a circle in A and indicated by arrows in B. In this and in
the following ﬁgures, TH-immunoreactive cells are always displayed in red and the analyzed transcription factors in green. The dorsalmost telencephalic DA cells express
the subpallial markers dlx2a (C–D00) and dlx5a (E–F00), but not tbr1b (G–H00), which labels the dorsal telencephalon. etv1 is expressed only in a subset of subpallial DA
neurons (I–J00), but it prominently labels DA cells in the olfactory bulb (K–L00). The images shown in C, E, G, I, and K are overviews of the head of 96 hpf larvae (15–30 mm
projections), whereas D–D00 , F–F00 , H–H00 , J–J00 , and L–L00 are high magniﬁcations (25 mm projections) of the areas framed in C, E, G, I, and K, respectively. Abbreviations: OB,
olfactory bulb; PO, preoptic group; Pr, pretectal group; SP, subpallium; TC, telencephalic cluster; vDC, ventral diencephalic cluster; 1–6; diencephalic DA neuronal groups
numbered according to Rink and Wullimann (2002). Anterior is to the left. Scale bars: 50 mm.
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Fig. 2. Expression of transcription factors characterizing DA neurons of the prethalamus (group 1). A and B: overviews are like in Fig. 1A,B. Here, group 1 is framed by a
circle in A. For each analyzed transcription factor, an overview of the whole head of 96 hpf embryos is presented in C, E, G, I, K, M and O (20–35 mm projections
encompassing the prethalamus). A high magniﬁcation of prethalamic group 1 within the framed areas is shown in D, F, H, J, L, N and P, respectively (5–20 mm projections).
An additional enlarged view of the framed areas in D, F, H, J, L, N and P is shown for each transcription factor at the right side of each row. Abbreviations: HB, hindbrain; PO,
preoptic group; Pr, pretectal group; T, tectum; TC, telencephalic cluster; vDC, ventral diencephalic cluster; 1-6; diencephalic DA neuronal groups. Anterior is to the left.
Scale bars: 50 mm.
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phenol red, and injected into one-cell stage embryos. The volume
of the injected drop was approximately 0.5 nl, as measured in
Halocarbon oil on a micrometer slide. Morpholino concentrations
were adjusted to reach (at constant injection volume) the follow-
ing amounts per embryo: 8 ng arxE2I2-MO, 2.5 ng arxATG-MO
and 8 ng isl1E2-MO. In addition, we co-injected an equal amount
of p53-MO (Robu et al., 2007) to determine whether any aspects
of the observed phenotypes may be caused by p53 activation.
Control embryos were injected with an equal amount of standard
control morpholino (ctr-MO, Gene Tools).
The efﬁciency of the arxE2I2-MO was veriﬁed by RT-PCR using
cDNA synthesized from 24 and 96 hpf embryos injected with ctr-
MO, arxE2I2-MO or arxE2I2-MOþp53-MO (Fig. S1A). The follow-
ing primers were used:arx_F: 50–GAGCGCAAAGTTTACCAGCACCC–30 (anneals to
exon 1)
arx_R: 50–CGCTTCTGTCAGATCCAGCCTCATC–30 (anneals to
exon 3)The efﬁciency of Isl1 knockdown was veriﬁed directly by
immunohistochemistry, using a mouse monoclonal anti-Isl1/2
antibody (1:400; 39.4D5 Developmental Studies Hybridoma Bank,
Iowa, USA). A goat anti-mouse secondary antibody conjugated
with Alexa488 (Molecular Probes) was used to detect the anti-Isl1/2, and the intensity of the immunoreactivity in controls and
morphant embryos was evaluated at the confocal microscopy
(Fig. S1B-G).Results
Selection of candidate transcription factors with expression domains
related to catecholaminergic neurons
To reveal additional transcription factors that characterize the
identity of the distinct catecholaminergic (CA) neuronal groups,
and that may contribute to speciﬁcation and differentiation of
these groups, we searched public databases for transcription
factors with expression domains in anatomical regions containing
CA neurons. We selected candidate transcription factors predo-
minantly based on information in the Zebraﬁsh Model Organism
Database ZFIN (http://zﬁn.org), but also included in our analysis
some genes that have been previously linked to CA development
in other vertebrate systems (Table 1). We analyzed the expression
of each gene with relation to CA neurons in whole ﬁxed embryos
by ﬂuorescent in situ hybridization, followed by immunoﬂuores-
cence for anti-Tyrosine Hydroxylase (TH), the rate-limiting
enzyme in CA synthesis, to visualize CA neurons. The brains of
whole mount zebraﬁsh embryos were analyzed by confocal
microscopy. We chose four developmental stages (24, 48, 72
Fig. 3. Expression of transcription factors characterizing DA neurons of the ventral diencephalon (groups 2–7). A and B: overviews are like in Fig. 1A,B. Here, the
diencephalic groups from 2 to 6 are framed by a circle in A, group 7 in the caudal hypothalamus is indicated by an arrow. In B, group 7 is not comprised in the optical
planes used to generate the z-projection, and the other groups are numbered according to Rink and Wullimann (2002). At the left side of each row the analyzed
transcription factors are indicated (see results). Abbreviations: HB, hindbrain; PO, preoptic group; Pr, pretectal group; T, tectum; TC, telencephalic cluster; 1-7;
diencephalic DA neuronal groups 1 to 7. All images from C to S are dorsal views, anterior is to the left. All larvae are shown at 96 hpf, unless speciﬁed. Scale bars: 50 mm.
A. Filippi et al. / Developmental Biology 369 (2012) 133–149138and 96 hpf) for analysis, representing the formation of the earliest
CA neurons (24 hpf) until full development of all larval CA groups
(96 hpf) (Holzschuh et al., 2001). During these stages dopamine issynthesized predominantly through the activity of TH, as the
expression of the paralogous th2 gene has been shown to be very
weak during early development (Chen et al., 2009; Filippi et al.,
A. Filippi et al. / Developmental Biology 369 (2012) 133–149 1392010). The TH antibody used in our study recognizes the product
of the th gene only, but detects the majority of embryonic and
early larval DA neurons. We will structure the report on the
results of our expression analysis by the major subdivisions of the
brain, addressing each embryonic and larval CA group. While
co-expression of transcription factors and TH in CA neurons was
analyzed at several stages, the presentation is focused on the
96 hpf stage, when all CA groups are developed. If not speciﬁcally
indicated, we observed co-expression also at earlier stages as
soon as TH and transcription factor expression become
detectable.Dopaminergic groups of the telencephalon
Two groups of DA neurons develop in the zebraﬁsh telence-
phalon: one in the olfactory bulb (OB, counterpart of mammalian
A16 group) and one in the subpallium (SP) (Fig. 1A,B). Based on
histological analysis of TH-immunoreactive (THir) cell distribu-
tion in sectioned material, the subpallial group has been identi-
ﬁed to reside in a subpallial region at the boundary between
dorsal and ventral telencephalon of the zebraﬁsh adult brain
(Kaslin and Panula, 2001; Rink and Wullimann, 2002). In the
embryonic brain the boundary between pallium and subpallium
is not anatomically distinct, and thus difﬁcult to assess on
sectioned or whole mount materials. Within the telencephalon,
the combined expression of dlx genes discriminates the dorsal and
ventral territories of the telencephalon, and can be used to deﬁne
the subpallium (Mueller et al., 2008; Moreno et al., 2009), while
tbr gene expression characterizes the pallium (Mueller et al.,
2008). We observed that all telencephalic DA neurons outside the
olfactory bulb express both dlx2a and dlx5a (Fig. 1C–F00), whereas
they do not express tbr1b (Fig. 1G–H00). This observation provides
molecular evidence that these DA neurons are restricted to the
subpallial territory. In addition, we found that subpallial DA
neurons also express sox2 (Okuda et al., 2006) (not shown), while
etv1/er81 (Roussigne´ and Blader, 2006) is expressed in a subset of
subpallial DA neurons (Fig. 1I,J).
We investigated only some representative markers in the case
of the OB DA neurons, which are located in a highly conserved
and well understood anatomical region of the brain (data not
shown). We observed in OB DA neurons co-expression of some
transcription factors that have been previously linked to periglo-
merular DA neuron development in rodents, including arx
(Yoshihara et al., 2005), dlx5a (Allen et al., 2007) and pax6a
(Kohwi et al., 2005) (Fig. 8). All OB DA neurons express etv1/
er81 (Fig. 1K,L), a ﬁnding in line with previous reports showing
that etv1 is expressed in mouse OB DA neurons and contributes to
their differentiation (Flames and Hobert, 2009).Dopaminergic groups of the diencephalon
In zebraﬁsh, DA neurons in the diencephalon have been
distinguished according to their anatomical position, cell shape,
and degree of TH-immunoreactivity (Rink and Wullimann, 2002).
We follow this numeric nomenclature to designate the groups of
DA neurons that arise in the prethalamus (group 1, alar plate), in
the posterior tuberculum and hypothalamus (groups 2–7, basal
plate), the pretectum (group 8, alar plate), and the preoptic region
(several groups in magnocellular and parvocellular preoptic
nuclei; not numbered). Recently, a different numbering for the
DA groups was employed (Chen et al., 2009; Sallinen et al., 2009),
but here we will keep the original nomenclature in order to avoid
confusion.Prethalamic DA group
Two studies have previously investigated transcription factor
expression in prethalamic A13 DA neurons in mouse (Andrews
et al., 2003; Grimm et al., 2004). The expression of arx, a member
of the aristaless family of transcription factors, was reported in
A13 DA neurons based on microarray data (Grimm et al., 2004).
Our results show that arx is also co-expressed with TH in all
zebraﬁsh prethalamic DA neurons (Fig. 2C–D00).
A marker for prethalamus is dlx gene expression (Puelles and
Rubenstein, 2003). The role of Dlx proteins in prethalamic A13 DA
neuron development has been investigated in mouse (Andrews
et al., 2003). Our analysis revealed that zebraﬁsh prethalamic DA
neurons express both dlx2a and dlx5a (Fig. 2E–H00). Furthermore,
using double immunohistochemistry, Andrews et al. showed that
developing prethalamic DA neurons express DLX1/2, ISL1 and
LHX1/5, as well as PAX6, although this latter factor does not
appear to be expressed in all THir neurons. Similarly, in our
analysis, we observed the expression of isl1 (Fig. 2I–J00) and lhx5
(Fig. 2K–L00) in prethalamic DA neurons. Interestingly, pax6a
appeared to be expressed only in a subset of DA neurons, but
most cells adjacent to prethalamic DA neurons expressed pax6a
(Fig. 2O–P00). This ﬁnding is similar to that reported for mouse
PAX6 (Andrews et al., 2003). In addition, we found that lhx1a
expression appears to only partially overlap with THir prethala-
mic neurons (not shown, Fig. 8). Moreover, we observed co-
expression of TH with meis2a (Fig. 2M–N00). Meis2 has not been
previously linked to prethalamic DA neurons, but has been shown
to be expressed in olfactory bulb DA neurons and other inter-
neurons in mouse (Allen et al., 2007). These similarities in gene
expression suggest that the molecular mechanisms controlling DA
speciﬁcation and differentiation in the prethalamus are conserved
between ﬁsh and mammals, and support the idea that zebraﬁsh
prethalamic DA neurons are homologous to the mammalian A13
DA group.
Posterior tubercular and hypothalamic Otp-dependent groups
The DA groups 2–7 reside in the basal plate of the diencepha-
lon, extending from the posterior tuberculum to the hypothala-
mus (Rink and Wullimann, 2002) (see Fig. 3A,B for anatomical
orientation). Group 2 DA neurons are the earliest th-expressing
cells to appear in the ventral diencephalon at around 19 hpf
(Holzschuh et al., 2001), followed by groups 3, 4 and 6, all
detectable by 48 hpf. It has been shown that groups 2, 4, 5 and
6 express the transcription factor otp (Del Giacco et al., 2006; Ryu
et al., 2007), which is essential for their speciﬁcation (Ryu et al.,
2007). In mice, the only DA group that speciﬁcally expresses Otp
and is affected in homozygous Otp mutant embryos is the A11
group in the dorsal diencephalon. Interestingly, A11 DA neurons
also express Nkx2.1, a hypothalamic and telencephalic marker
(Ryu et al., 2007), which led to the hypothesis that the mouse A11
DA group would be a migrated group of hypothalamic origin. In
zebraﬁsh, as a result of the teleost genome duplication, two
orthologs of Nkx2.1 can be found, named nkx2.1a and nkx2.1b.
nkx2.1a is exclusively expressed in the hypothalamus, whereas
nkx2.1b can be detected also in the telencephalon. Our results
show that the DA groups 2 and 4 at 48 hpf are not comprised
within the broad nkx2.1a hypothalamic domain (shown in
Fig. 3G,H), but they do express nkx2.1b at earlier stages
(Fig. 3C–D00, 28 hpf). Unfortunately, we were not able to obtain a
good signal for nkx2.1b by ﬂuorescent in situ hybridization at
48 hpf and later stages, due to a very low expression level in the
diencephalon. Therefore we limited the analysis to the 28 hpf
stage, when the few detectable THir neurons are group 2 DA
neurons. In contrast, the more caudal Otp-dependent DA groups
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Compared to the ﬁndings in mouse, we suggest the zebraﬁsh data
to reﬂect subfunctionalization of the nkx2.1a und nkx2.1b para-
logous genes, with either nkx2.1a or nkx2.1b expressed in subsets
of zebraﬁsh A11-type neurons. Our ﬁnding further supports the
notion that zebraﬁsh DA groups 2 and 4 are homologous to
mammalian A11 DA neurons.
At the same stage, the LIM homeobox transcription factor lhx5
(Toyama et al., 1995a; Machluf et al., 2011) was strongly
expressed in a diencephalic domain dorsal and medial to the
group 2 THir neurons, which appeared to lie outside of the main
lhx5 domain but still expressed low levels of lhx5 transcripts
(Fig. 3E–F00). Thus, group 2 DA neuron progenitors may arise in the
lhx5-expressing domain and downregulate its transcription dur-
ing terminal differentiation. In contrast, the posterior groups 4–6
were strongly and quite speciﬁcally labeled by the expression of
the LIM homeodomain transcription factor lhx1a (Fig. 3I–J00), as
well as at lower levels by lhx5 (Fig. 3K–L). Lhx1/Lim1 has
previously been invoked in hypothalamic DA neuron develop-
ment (Ohyama et al., 2005).Fig. 4. Expression of transcription factors characterizing DA neurons of the preoptic ar
and preoptic (PO) groups are framed by circles. B and C are dorsal z-projections enco
pretectum (C, 25 mm projection). D–G00 and H–L00 are higher magniﬁed dorsal views of
The analyzed genes are indicated at the left side of each row. Abbreviations: ac, anterio
PO, preoptic group; poc, postoptic commissure; Pr, pretectal group; T, tectum; TC, telenc
50 mm.Ventral hypothalamic and preoptic DA groups
The liquor-contacting DA neurons of group 3 clearly develop
within the hypothalamic nkx2.1a expression domain and co-
express this transcription factor (Fig. 3M–M00). Therefore, DA
group 3 belongs to the hypothalamus proper, and not to the
posterior tuberculum, as originally suggested by Rink and
Wullimann (2002). Group 3 DA neurons also expressed nkx2.2a
(Fig. 3O-O00). Similar to reports for Xenopus, nkx2.2awas expressed
adjacent to otp-expressing cells (Dominguez et al., 2011), but not
co-expressed with TH in zebraﬁsh DC2/4-6 DA neurons.
We further observed pou50/pou3f1 and prox1a quite selectively
expressed in the group 3 region (Fig. 3P–Q00), while sox2 was
expressed in a broader domain along the midline that also
includes group 3 cells (Fig. 3R–R00).
Finally, we observed the expression of dlx5a in both group 3
(Fig. 3N–N00) and group 7 DA neurons, the latter representing a
population of liquor-contacting cells lining the ventricle of the
posterior recess in the caudal hypothalamus (Fig. 3S–S00). Similar
to dlx5a, dlx2a was also broadly expressed in the hypothalamusea and the pretectum. A: lateral overview is like in Fig. 1A. Here, the pretectal (Pr)
mpassing the optical planes through the PO area (B, 34 mm projection) and the
the PO (7–11 mm projections) and Pr (7–9 mm projections), respectively, at 96 hpf.
r commissure; AC, amacrine cells of the retina; HB, hindbrain; LC, locus coeruleus;
ephalic cluster; vDC, ventral diencephalic cluster. Anterior is to the left. Scale bars:
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neurons. This suggests that, despite the extensive overlap of their
expression domains, dlx2a and dlx5a might be involved in the
development of different cellular subtypes in the hypothalamus.
Additional ventral diencephalic DA groups develop in the
preoptic (PO) area. In the adult zebraﬁsh brain, the PO group is
large and extends from the anterior part of the preoptic area,
close to the anterior commissure, to its posterior part until it
reaches the postoptic commissure. The PO group is likely com-
posed by at least two populations of cells (Ma, 2003; McLean and
Fetcho, 2004). The earliest PO neurons detectable in the zebraﬁsh
embryo develop in the posterior part of the preoptic area, dorsal
to the optic chiasm, and their axonal projections join the post-
optic commissure. These early neurons likely comprise the
posterior population located in the suprachiasmatic nucleus in
the adult brain. We have previously shown that the PO neurons
express the orphan nuclear receptors nr4a2a and nr4a2b, both of
which are required for the speciﬁcation of the neurotransmitter
phenotype (Filippi et al., 2007). In addition, we observed co-
expression of TH with arx (Fig. 4D–D00), dlx2a (Fig. 4E–E00), dlx5a
(Fig. 4F–F00), and six3a (Fig. 4G–G00), as well as pou47/pou3f2 (not
shown, Fig. 8). Furthermore, lhx1a was expressed in cells adjacent
to these PO DA neurons (data not shown, Fig. 8), potentially
representing a population of lhx1a- and lhx5-positive neurons that
has been suggested to give rise to additional DA neurons (Dulcis
and Spitzer, 2008).
Pretectal DA groups
In the zebraﬁsh pretectum (Pr, alar plate, prosomere 1;
Fig. 4A,C), a DA group develops that has no direct counterpart in
the mature mammalian brain, although in the embryonic human
a transient population of TH-expressing cells develops adjacent to
the posterior commissure (Puelles and Verney, 1998). In agree-
ment with its position remote from other forebrain groups, Pr DA
neurons were found to co-expressed a number of transcription
factors not found in other groups: emx2, gata3, otx1b, otx2, and
zic1 (Fig. 4H–L00). Among these, otx2 appeared to be weakly
expressed only in some THir neurons, suggesting that it may play
a role in DA neurons progenitors only. The transcription factor
zic2a in the Pr had an expression pattern similar to that of zic1,
but was more weakly expressed and may have labeled only a
subset of DA neurons (Fig. 8; data not shown). However, Pr DA
neurons also share expression of some more broadly expressed
transcription factors with other groups, including pbx1a, pou12/
pou3f3 and pou47/pou3f2, and nr4a2 (Fig. 8). In contrast we
observed only partial overlap with the LIM homeodomain tran-
scription factors lhx1a and lhx5 (Fig. 8).
Noradrenergic groups of the hindbrain
Only noradrenergic (NA) neurons develop in the zebraﬁsh
hindbrain, one group in the locus coeruleus (LC) and another
large and diverse population in the caudal medulla oblongata
(MO). The expression of lmx1b.1 and tfap2a in zebraﬁsh LC and
MO NA neurons has been previously reported by our group
(Holzschuh et al., 2003; Filippi et al., 2007). Among the transcrip-
tion factors considered in the present study, we detected tran-
scripts of meis2a, pbx1a and pou47/pou3f2 in LC NA neurons
(Fig. 8, data not shown). In addition, we observed partial overlap
of TH with pbx1a and lhx1a in the MO (Fig. 8, data not shown).
Analysis of Arx and isl1 functions in DA neurons development
Our expression analysis revealed a remarkable conservation of
the transcription factor code characterizing prethalamic zebraﬁshand mouse A13 DA neurons (Andrews et al., 2003). This suggests
that also the molecular pathways driving DA speciﬁcation and
differentiation in the prethalamus may be conserved between ﬁsh
and mammals. Therefore, we wanted to study the role of genes
that, based on their expression, are potentially involved in
prethalamic DA differentiation. Among the transcription factors
characterizing zebraﬁsh group 1 DA neurons, arx and isl1 expres-
sion have been reported in mouse A13 DA group (Andrews et al.,
2003; Grimm et al., 2004), but their roles in DA differentiation
have not been assessed.
Arx is required for the formation of DA neurons in the prethalamus
and in the preoptic area
We knocked down Arx expression by antisense morpholino
microinjections and analyzed DA neuron development in mor-
phant larvae by in situ hybridization to th and anti-TH immuno-
histochemistry at 72 and 96 hpf (Fig. 5A L,U). We observed a
signiﬁcant decrease in the number of both prethalamic (Fig. 5A–I,
arrows) and preoptic DA group neurons (Fig. 5J–L). The same
phenotype was obtained with both the splice site and the
translation targeting morpholinos (Fig. 5U, see materials and
methods). This result was not caused by non-speciﬁc cell death,
as the same effect was observed in larvae co-injected with p53-
MO, which prevents the p53-mediated apoptosis induced by
some morpholinos (Robu et al., 2007) (Fig. 5C,F,I,L). Surprisingly,
the DA neurons in the olfactory bulb appeared to develop fairly
normal, in contrast to reports in mouse, where Arx mutants
displayed a loss of th-expressing periglomerular cells (Yoshihara
et al., 2005).
To investigate whether also other DA differentiation markers
were affected in arx morphant embryos, we analyzed the expres-
sion of slc6a3/dat (speciﬁc marker of DA neurons) and ddc
(general marker of aminergic neurons, labeling also serotonergic
cells). We found that the prethalamic expression domains of
slc6a3/dat (Fig. 4M–P) and ddc (Fig. 4Q–T) were also reduced in
morphant larvae when compared to controls. Thus, Arx appears to
be essential for proper expression of the DA neurotransmitter
phenotype in the prethalamus.
Knockdown of Isl1 leads to a reduction of prethalamic DA neurons
Functional inhibition of Isl1 by morpholino injection resulted
in a signiﬁcant decrease in th expression in the prethalamus, as
assessed by in situ hybridization (Fig. 6A–F,R) and immunohis-
tochemistry (Fig. 6G–I) at 96 hpf. The analysis of slc6a3/dat
(Fig. 6J–M) and ddc (Fig. 6N–Q) expression also showed a reduc-
tion of their prethalamic domains, arguing for a role of isl1 in the
formation of group 1 DA neurons. This result was conﬁrmed by
the analysis of th expression in the isl1sa0029 mutant line (de Pater
et al., 2009), which also displayed a reduction of prethalamic DA
neurons (Fig. S2). In addition, isl1 morphant larvae displayed a
drastic reduction of ddc expression in the epiphysis (Fig. 6N,P,
arrowheads), indicating that Isl1 function is essential for the
development of serotonergic neurons in this organ as well.
Prethalamic dorso/ventral patterning is impaired in Arx morphants
As both Arx and Isl1 knockdown resulted in a similar DA
phenotype in the prethalamus, we asked whether they may act in
the same pathway and might regulate each other. When we
analyzed isl1 expression in arx morphant larvae at 72 hpf, we did
not observe any signiﬁcant difference compared to controls (Fig.
S3A,B). In the reciprocal experiment, arx prethalamic expression
was also not affected by Isl1 knockdown at 72 hpf (Fig. S3I,J). As it
has been recently shown in mouse that Isl1 directly regulates Arx
Fig. 5. arx is required for the formation of DA neurons in the prethalamus and in the preoptic area. Morpholino-injected embryos were analyzed by WISH to detect th (A-F,
96 hpf), slc6a3/dat (M-P, 72 hpf) or ddc (Q-T, 72 hpf) expression, as well as by anti-TH immunoﬂuorescence (G-L, 72 hpf). Arx knockdown by Morpholino injection results in
a reduction in the number of prethalamic group 1 DA neurons (arrows in B, E, H) and of the preoptic group (K, arrowhead points to the postoptic commissure). This
phenotype is not caused by Morpholino off-target p53-mediated cell death, as we obtain the same result when co-injecting p53-MO as a control (C, F, I, L). Moreover, the
prethalamic expression domains of slc6a3/dat (M–P) and ddc (Q–T) are also reduced in morphant embryos when compared to controls (arrows point to the prethalamus).
U: Evaluation of the effect of Arx knockdown on th expression for each DA cluster. Both ATG (left) and splice (right) targeting morpholinos affected DC1 and PO groups
development, also when co-injected with the p53-MO (þ). The groups of the arx morphant larvae were compared with those of control MO injected larvae, which all
developed normally and are summarized here in the left-most lanes (ctr). A–C,M,N,Q,R are lateral views; D–L, O, P, S, T are dorsal views; anterior is to the left. Scale bars:
100 mm. Abbreviations: AC, amacrine cells; DC1-6, diencephalic groups 1–6; LC, locus coeruleus; MO, medulla oblongata; OB, olfactory bulb; PO, preoptic area; poc,
postoptic commissure; Pr, pretectum; SP, subpallium; TC, telencephalic cluster; vDC, ventral diencephalic cluster.
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analyzed arx expression in the developing pancreas of isl1MO-
injected embryos at 30 hpf and observed that it was strongly
downregulated (inset in Fig. S4A,B). Its prethalamic expression,
instead, was not affected at this stage either (Fig. S4A-D, arrows),
suggesting that Isl1 regulates arx expression in the pancreas but
not in the prethalamus. Thus, Arx and Isl1 appear to inﬂuence DA
neuron development in the prethalamus independently.Next, we checked whether other transcription factors
expressed in prethalamic DA neurons are dependent on Arx or
Isl1 function. We did not observe any change in dlx2a and dlx5a
expression in arx and isl1 morphant embryos (Fig. S3C–F and
K–N), suggesting that general brain patterning is not impaired by
Arx and Isl1 knockdown. Further, we did not observe signiﬁcant
changes in meis2a expression, neither in arx (Fig. S3G,H) nor
in isl1 (Fig. S3O,P) morphant embryos. The analysis of pax6a
Fig. 6. Knockdown of Isl1 leads to a reduction of prethalamic DA neurons. The analyses of th expression (A–F) and of TH protein distribution (G–I) show a signiﬁcant
reduction in the number of prethalamic group 1 DA neurons (arrows) in the morphant embryos (B, C, E, F, H, I) compared to the controls (A, D, G). Similarly, slc6a3/dat
(J–M) and ddc (N–Q) display a reduction of their prethalamic expression domains in Isl1 morphants (arrows, compare J with L and K with M for slc6a3/dat; N with P and O
with Q for ddc), arguing for a role of isl1 in the speciﬁcation of group 1 DA neurons. In addition, ddc expression in the epiphysis is lost in the morphants (arrowheads,
compare N with P). The embryos were analyzed at 96 hpf. R: Evaluation of the effect of Isl1 knockdown on th expression for each DA cluster. The groups of the isl1
morphant larvae were compared with those of control MO injected larvae, which all developed normally and are summarized here in the left-most lanes (ctr). A–C, J, L, N, P
are lateral views; D–I, K, M, O, Q are dorsal views, anterior is to the left. Scale bars: 100 mm. Abbreviations are like in Fig. 5.
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prethalamic domain in arx morphants compared to controls, at
both 30 (Fig. 7A1–B2, arrows) and 72 hpf (Fig. S5A,B, arrows). This
reduction was restricted to the prethalamus, as all other pax6a
expression domains appeared unaffected by Arx knockdown.
Similarly, we observed a reduction of lhx1a expression in theFig. 7. Patterning defects in the prethalamus of arx morphants. Embryos were analyz
domains of pax6a (A1–B2, arrows) and lhx1a (C1–D2, arrows) were signiﬁcantly reduce
whereas an increase in nkx2.2a (E1–F2) expression could be observed at 48 hpf in the
olig2 (G1-H2) expression was not perturbed by Arx knockdown at 48 hpf. A speciﬁc
prethalamus of the morphants at 48 and 30 hpf, respectively. Abbreviations: HB, h
telencephalon. A1-L1 are lateral views; A2-L2 are dorsal views. Anterior is to the left.prethalamic region of arx morphants (Fig. 7C1–D2 and S5C,D,
arrows), whereas no differences, neither in pax6a nor in lhx1a
expression, were observed in isl1 morphant embryos compared to
the controls (Fig. S6A–H). Conversely, the expression of the
ventral marker nkx2.2a appeared signiﬁcantly expanded at
the level of the prethalamus in arx morphants compared to theed by WISH at 30 (A1–D2, K1–L2) or 48 (E1–J2) hpf. The prethalamic expression
d in arx morphant embryos (B1, B2, D1, D2) compared to controls (A1, A2, C1, C2),
prethalamus of arx morphants (F1, F2, arrowhead) compared to controls (E1, E2).
reduction of gad1/2 (I1–J2) and ascl1a (K1–L2) expression was observed in the
indbrain; Hyp, hypothalamus; PTh, prethalamus; T, tectum, Th, Thalamus; TC,
Scale bars: 100 mm.
A. Filippi et al. / Developmental Biology 369 (2012) 133–149 145controls (Fig. 7E1–F2 and S5E,F, arrowheads), whereas it remained
unaffected by Isl1 knockdown (Fig. S6I-J).
Our results suggest that Arx may play a role in dorso/ventral
patterning of the prethalamus. Arx function appears restricted to
this area, as the expression of olig2, another Shh-dependent
factor, did not reveal abnormalities in the formation of the zona
limitans intrathalamica or in the size of other adjacent brain
territories in arx morphants embryos compared to controls
(Fig. 7G1–H2). Arx knockdown does not affect the pattern of
general neuronal differentiation, as assessed by elavl3 expression
(Fig. S7A-D).
To determine whether prethalamic neuronal types other than
DA might be affected by Arx knockdown, we analyzed the
distribution of GABAergic and glutamatergic markers in arxMO
injected embryos. Whereas expression of vglut2 did not reveal any
abnormalities in the distribution of glutamatergic groups in the
morphant brains (Fig. S7E-H), the analysis of gad1/2 expression
revealed a signiﬁcant reduction in the number of prethalamic
GABAergic neurons (Fig. 7I1-J2). Accordingly, also the expression
of ascl1a, a zebraﬁsh Mash1 ortholog which is known to drive
GABAergic differentiation in the vertebrate forebrain (Casarosa
et al., 1999), was affected in arx morphants (Fig. 7K1–L2). While
the intensity of ascl1a staining in the forebrain overall appeared
to be slightly reduced in arx morphants, the ascl1a prethalamic
expression domain was particularly affected (Fig. 7K1–L2,
arrows). This suggests that Arx function is required for ascl1a
proneural activity in the prethalamus.
In summary, our results suggest that the inhibition of Arx activity
leads to an impairment of dorso/ventral patterning of the prethalamic
domain and loss of prethalamic DA and GABAergic neurons. The role
of Isl1 in prethalamic DA differentiation appears independent of Arx.Discussion
In this study, we have systematically analyzed the expression
of transcription factors in DA neurons of zebraﬁsh larvae to deﬁne
the molecular identity of each DA neuronal group. Our study
provides insights into four aspects of DA systems development.
First, we identiﬁed sets of transcription factors characteristic for
each anatomically distinct group of DA neurons. This knowledge
makes it easier to compare zebraﬁsh DA groups with those in
other vertebrate systems. Second, we analyzed our data to
determine whether they may deﬁne new DA subtypes. Third,
we will discuss potential transcriptional codes by which families
of transcription factors may act together in DA differentiation.
Fourth, we have investigated the function of the Arx and Isl1
transcription factors in prethalamic DA neurons and demonstrate
that both are essential for DA differentiation.
Fig. 8 gives an overview on transcription factor expression in
speciﬁc DA neuron groups. The table focuses on transcription factors
that are informative with respect to regional identities in the brain.
It also includes some previously published data, however, we did not
consider transcription factors transiently expressed, or expressed
during neurogenesis before onset of TH expression, like ngn1 (Jeong
et al., 2006). The data conﬁrm previously published anatomical
correlations between DA groups in zebraﬁsh and mammals, and
resolve several open issues with respect to group identities.
For the subpallial DA group, the expression of dlx2a and dlx5a
conﬁrms that all neurons of this DA group, which extends along the
subpallial/pallial border, actually reside within the subpallium
(Mueller et al., 2008). Thus, this group is indeed a restricted
endostriatal DA system. etv1 expression in both OB and subpallial
DA neurons suggests that an evolutionary ancient code for DA
development is used in the telencephalon that dates back to
nematodes (Flames and Hobert, 2009).The pretectal DA group is characterized by the transcription
factors emx2, gata3, otx1b, otx2, and zic1, providing it with a
molecular identity very distinct from other DA groups. zic1
deﬁnes the position of this group to be in the dorsal region of
prosomere 3 (Ferran et al., 2007).
With respect to Otp-dependent DA neurons, an open question
has been the origin of this group in the posterior tuberculum at
the alar/basal plate boundary. In mammals, the Otp-dependent
A11 DA neurons are located in the alar plate, but they co-express
Nkx2.1, which suggested a migrated hypothalamic origin (Ryu
et al., 2007). The expression of nkx2.1b in subsets of DC2 and DC4,
and of nkx2.1a in DC5/6 neurons support the common hypotha-
lamic origin of all Otp-dependent DA groups. Further, we ﬁnd
lhx1a, lhx1b and lhx5 expressed in most of Otp-dependent DA
neurons, indicating that Lhx family genes may contribute to
transcriptional speciﬁcation of DC2 and DC4-6 neurons. Indeed,
Morpholino knockdown of lhx5 has been shown to affect differ-
entiation of Otp-dependent DA neurons (Machluf et al., 2011).
nkx2.1a and nkx2.2a expression in group 3 DA neurons conﬁrms
their anatomical assignment to the medial hypothalamus. DC3 is also
the only DA group in our study expressing prox1. Interestingly, it has
recently been demonstrated that morpholino knockdown of Prox1
results in a reduction of Otp-dependent DA neurons (Pistocchi et al.,
2008). Our ﬁnding that prox1a is expressed only in DC 3 but not in the
Otp-dependent DA neurons (DC2, 4–6) suggests that Prox1a may act
non-cellautonomously, or may only be expressed in precursors of
these cells but not in mature Otp-dependent DA neurons. The
expression of dlx5a in DC3 and DC7 hypothalamic DA neurons reveals
that zebraﬁsh hypothalamic groups share dlx5a as a potential
transcriptional determinant with mammalian Dlx5 expressing arcuate
nucleus DA neurons (Yee et al., 2009), and may thus relate to the
A12 group.
We also asked whether there may be additional subgroups, or
molecular heterogeneities among the DA groups initially deﬁned
by anatomical location. Most anatomically deﬁned groups appear
to coincide with group-speciﬁc common transcription factor
signatures (Fig. 8). However, we also observed expression of
transcription factors in subsets of DA neurons within a group
only, either separating domains, or appearing in a salt-and-
pepper fashion. This is indicated in Table 8 by ‘‘þ/a’’ for over-
lapping expression only in a subset of THir cells in the considered
area. In some cases, this may represent true heterogeneity, as for
example with arx positive and arx negative subpallial DA neurons.
However, these ﬁndings may also be caused by the fact that DA
neurons are continuously added to most of the groups during the
developmental stages analyzed (Mahler et al., 2010). Therefore,
fully matured neurons may be located next to TH expressing
neurons that just exited the precursor population, and may still
express precursor-speciﬁc transcription factors.
Fig. 8 does not provide any evidence for a core transcriptional code
that would be common to all or most DA neuronal groups in
zebraﬁsh. However, the overview suggests that there are combina-
tions of transcription factor families that specify several DA groups.
These families include dlx genes, lhx/lim genes, nkx genes, pou3 class
genes, and some nuclear orphan receptors in the diencephalon. In the
telencephalon it is only etv1. On the other hand, genes like otp, sim1,
gata3, otx or zic2a appear to be speciﬁc to DA groups in restricted
brain regions only. Combining these two observations, we speculate
that DA neuronal differentiationmay be speciﬁed by a combination of
region-speciﬁc members of a small shared group of transcription
factor families that may contribute to DA identity, in combination
with selected region-speciﬁc factors that may attribute characteristic
features (e.g. projection patterns) to each DA group.
Finally, we analyzed in detail the contribution of transcription
factors identiﬁed in this study to differentiation of prethalamic DA
neurons. Our analysis indicates that similar molecular codes appear
Fig. 8. Summary of the expression analysis of the considered transcription factors relative to each THir group. For each transcription factor, only the results relative to the
latest stage analyzed are reported here. ‘‘þ ’’ (red) indicates overlapping expression of transcription factor and TH; ‘‘-‘‘ (light grey) indicates no co-expression; ‘‘a’’ (blue)
indicates TH immunoreactivity and gene expression in adjacent cells, but no co-expression; ‘‘þ/a’’ (orange) indicates overlapping expression only in a subset of THir cells
in the considered area; ‘‘þ/low’’ (yellow) indicates likely co-expression but low signal intensities, only slightly above the background level, therefore the result is difﬁcult
to interpret. ‘‘low/ ‘‘ (grey) indicates low expression levels and likely no co-expression. Dark grey shade for nkx2.1b indicates that these CA groups are not differentiated at
time of analysis (28 hpf). The table also includes data of transcription factor expression already published elsewhere: (1) (Filippi et al., 2007); (2) (Ryu et al., 2007); (3) (Lohr
et al., 2009). Abbreviations: OB, olfactory bulb; SP, subpallium; PTh 1, prethalamic group 1; PO, preoptic group; ACL, amacrine cell layer; Pr, pretectum; Hy 3, hypothalamic
group 3; Hy 7, hypothalamic group 7; DC2,4,5,6, diencephalic groups 2,4,5,6; LC, locus coeruleus; MO, medulla oblongata; n.d., not determined.
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prethalamus. Indeed, zebraﬁsh prethalamic DA neurons express a set
of transcription factors (dlx2a/5a, lhx1/5, isl1, and in part also pax6a)
that have been shown to be required for proper speciﬁcation and/or
differentiation of mouse A13 neurons (Mastick and Andrews, 2001;
Andrews et al., 2003). In addition, we found that group 1 DA cells
express arx, a member of the aristaless family of transcription factors
(Sherr, 2003). Previously, only microarray expression analysis has
linked arx expression to A13 DA neurons in mice (Grimm et al., 2004).
In their analysis of the role of DLX factors during A13 DA neuron
development, Andrews et al. (2003) proposed a model in which two
parallel transcriptional pathways drive differentiation in the pretha-
lamus. In one pathway, the expression of DLX1/2 in progenitors cells
and mature neurons controls ISL1, PAX6 and TH expression. In a
second pathway, PAX6 expression in progenitors is responsible for
LHX1 expression in neurons. Our knockdown experiments of Arx and
Isl1 function have revealed that they are both required for TH
expression in prethalamic DA neurons, but they appear to act in
independent parallel pathways, as neither factor is required for the
expression of the other.
The loss of Isl1 function did neither result in diencephalic
morphological defects nor affect the expression of any of the analyzed
transcription factors, suggesting that Isl1 may contribute to a late
phase in DA differentiation. This would be consistent with the
observed ISL1 expression in mouse, which is restricted to the neuron
layer of the prethalamus (Andrews et al., 2003). In a similar fashionDrosophila islet-1 is expressed in a subset of differentiated DA and
serotonergic interneurons in the ventral nerve cord (Thor and
Thomas, 1997). In islet-1 mutants these DA and serotonergic neurons
lose their transmitter identity and characteristic axonal projection
pattern. Targeted expression of Isl in postmitotic cells of islet-1
mutants is able to rescue TH, Serotonin, and Ddc expression, indicat-
ing that Isl function in Drosophila may be directly involved in the
transcriptional control of these neurotransmitters (Thor and Thomas,
1997). In our isl1morphant embryos, the expression of dcc (a marker
which labels both catecholaminergic and serotonergic neurons) was
absent not only in the prethalamic area but also in the pineal gland
(see Fig. 6N,P), an organ where isl1 is prominently expressed (Inoue
et al., 1994). These ﬁndings together point towards a conserved role
of Isl1 in neuronal differentiation of a subset of DA as well as
serotonergic neurons.
Arx appears to function in prethalamic DA development by a
different mechanism. Whereas most of the analyzed markers (dlx2a,
dlx5a, isl1, meis2a, olig2, elavl3) appeared normal in Arx morphant
embryos, we could observe a speciﬁc reduction of prethalamic pax6a
expression, accompanied by a similar reduction of lhx1a in the same
area. Thus Arx may be acting upstream of pax6a at the progenitor
level, and contribute to the activation of lhx1a expression in
differentiated neurons, indicating a pathway similar to the one
suggested by Andrews et al. (2003). Moreover, Arx knockdown
resulted in dorsal expansion of the nkx2.2a expression domain,
indicating ventralization of the prethalamus. This effect could be
A. Filippi et al. / Developmental Biology 369 (2012) 133–149 147due to downregulation of pax6a, or to a lack of repression of nkx2.2a
by Arx, given that Arx has been shown to be able to act both as a
repressor or an activator (Seufert et al., 2005; McKenzie et al., 2007).
In mice, knockout of Arx results in a signiﬁcant reduction of
Dlx1 expression domains in the prethalamus and hypothalamus at
E12.5, with consequent loss of anterior thalamic structures and
expansion of the third ventricle by E19.5 (Kitamura et al., 2002).
Our Arx knockdown experiments, instead, did not affect the
expression of dlx genes, consistent with the ﬁnding that Dlx genes
act upstream of Arx and regulate Arx expression in the developing
mouse forebrain (Cobos et al., 2005; Colasante et al., 2008).
Besides TH-expressing cells, also prethalamic GABAergic neu-
rons were affected by Arx knockdown. As Arx has been shown to
play a crucial role in GABAergic development (Friocourt and
Parnavelas, 2010), our data indicate that Arx function is conserved
in this respect. However, such function appears to be restricted to
the prethalamic area in zebraﬁsh, because all other GABAergic
forebrain territories develop normally.
The speciﬁc reduction of pax6a and lhx1a expression in the
prethalamus of arx morphants, and the concomitant expansion of
nkx2.2a domain, suggest that arx may play a role in regional
dorsoventral speciﬁcation. The perturbed local dorsoventral pattern
may affect the area that will give rise, among others, to group 1 DA
neurons. On the other hand, it has been recently shown by
chromatin immunoprecipitation experiments that ARX directly
binds to the TH promoter in transfected neuroblastoma cells
(Quille´ et al., 2011), suggesting that Arx may be involved in direct
regulation of TH expression. The prethalamic DA phenotype we
observe in the zebraﬁsh larva may be caused by Arx action at
different levels during prethalamic development. This interpretation
is consistent with the observation that Arx regulates diverse
processes such as regionalization, proliferation, cell differentiation
and neuronal migration in different model organisms (Campbell and
Tomlinson, 1998; Kitamura et al., 2002; Melkman and Sengupta,
2005; Seufert et al., 2005; Tucker et al., 2005; Yoshihara et al., 2005;
Colombo et al., 2007; Friocourt et al., 2008).Acknowledgements
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